Introduction
Cocoa ( Theobroma cacao , Sterculiaceae) is an important cash crop for smallholder farmers in Central and West Africa. It was introduced into Africa from South America in the 19th century, and West Africa now accounts for 60% of world cocoa production. As an introduced species, it became subject to 'new-encounter' attack from indigenous insect pests and pathogens, particularly mirids or capsids (Miridae) and Cocoa swollen shoot virus (CSSV), which moved from sterculiaceous forest hosts (Johnson, 1962; Posnette, 1981) . One of the most economically important diseases of cocoa in Central and West Africa is black pod caused by Phytophthora megakarya , which is also a new-encounter pathogen of cocoa.
Phytophthora megakarya was originally identified in Nigeria in 1979 (Brasier & Griffin, 1979) . Prior to this, it was considered to be a local variant of P. palmivora , which is a ubiquitous pathogen of cocoa globally . P. megakarya , in contrast, is known to be restricted in distribution to Central and West Africa (Ortiz-Garcia et al ., 1994) . In 1981, it was the predominant species in Nigeria, but was also present in Cameroon, Fernando Po and Gabon (Brasier et al ., 1981) . It has been suggested that P. megakarya has moved from an indigenous forest host or hosts onto cocoa and that this was probably a relatively recent event, since P. megakarya is still in an invasive phase, having arrived in Ghana within the last 15 years, from where it now poses a threat to the neighbouring Ivory Coast (Kebe et al ., 2002) . Crop losses caused by P. palmivora , prior to the appearance of P. megakarya in Ghana, were estimated at 4·9-13·5% (Dakwa, 1984) . The subsequent arrival of the more aggressive P. megakarya has led to crop losses of 60 -100% (Dakwa, 1987; Opoku et al ., 2000) . The continued progress of P. megakarya through the cocoa-producing countries of West Africa has the potential to significantly reduce the world's cocoa production and to impact on resource-poor farmers, leading to socioeconomic, and possibly political as well as ecological, instability (Rice & Greenberg, 2000) . It is postulated that the centre of origin of P. megakarya may lie in the primary forests of Central and West Africa, since a molecular study identified areas of diversity in P. megakarya which appear to correspond to ancient, Ice-Age forest refugia (Nyasse et al ., 1999) . Both mating types (A1 and A2) were found near the Nigeria-Cameroon border (Nyasse et al ., 1999) . Korup National Park in western Cameroon, which is contiguous with Cross River National Park in Nigeria, is an ancient primary forest which is a centre of diversity for Sterculiaceae, and in particular the genus Cola (closely related to Theobroma ), one of the dominant genera in the nearby Mt Cameroon reserve (Cable & Cheek, 1998 ).
An exploratory survey was undertaken in an attempt to determine if P. megakarya occurs within this primary forest ecosystem and, if so, to identify its original forest host(s). If successful, the results of this preliminary study may provide the basis for future management strategies based on the principles of classical biological control, in which coevolved natural enemies from the centre of origin or diversity of the target invasive pest (weed, arthropod or pathogen) are considered to offer the most potential as biocontrol agents (Greathead, 1995) .
Materials and methods

Collection of isolates
A preliminary survey was undertaken in July 2001 in the ancient primary forest of Korup National Park, in the western region of Cameroon bordering Nigeria, as well as in Mbalmayo forest reserve and neighbouring cocoa farms in the central part of the country near Yaoundé. Samples of soil and fruit (fallen and attached) were collected from members of the Sterculiaceae, and opportunistically from the fallen fruit of other forest trees, as well as from cultivated cocoa. Isolations were made from plant material directly onto PARPNH-agar selective media ( Jung et al ., 2000) and soil samples from around tree bases were seeded onto the selective media. These were subsequently purified in the UK.
Additional cultures from the CABI Bioscience Genetic Resource Collection (IMI, Egham, Surrey, UK), originating on cocoa, were included in the study for comparative purposes (see Table 1 ). All isolates were maintained on 10% V8 agar at 27 ° C.
Genetic analysis
DNA extraction DNA was extracted from cultures grown for 3-4 days in V8 broth at 27 ° C with orbital shaking at 200 rpm. Harvested mycelium was pelleted by centrifugation at 13 800 g for 5 min, washed in TE buffer and then pelleted again, prior to DNA extraction using the QIAGEN DNA mini kit (Qiagen Ltd, Crawley, West Sussex, UK). The DNA was quantified and the concentration standardized to 500 ng µ L − 1 , using a GeneQuant pro DNA/RNA calculator (Amersham Biosciences UK Ltd, Little Chalfont, Buckinghamshire, UK).
ITS-RFLP analysis for confirmation of species
The ITS region was amplified using the primers ITS1 (5 ′ -TCCGTAGGTGAACCTGCGG-3 ′ ) and ITS4 (5 ′ -TCCTCCGCTTATTGATATGC-3 ′ ). PCR components comprised 0·2 m m dNTP (Gibco Life Sciences, Life Technologies Ltd, Paisley, UK), 50 pmol each of ITS primer ITS1 and ITS4 (Amersham Biosciences), 5 U of Tth enzyme (from Thermus aquaticus ) (HT Biotechnology Ltd, Cambridge, UK) with manufacturer's buffer (1·5 m m MgCl 2 ); 5 -50 ng of DNA was added to a total PCR reaction volume of 50 µ L. The PCR reaction was performed in a Hybaid Express Thermal Cycler (Hybaid Ltd, Teddington, Middlesex, UK) with an initial denaturing step at 94 ° C for 4 min, followed by 30 cycles at 94 ° C for 1 min, 55 ° C for 1 min and 72 ° C for 1·5 min. The reaction was completed by a final stage at 72 ° C for 10 min.
Restriction enzyme digestions were performed with Hinf 1, Taq 1, Msp 1 and Alu 1 using buffers supplied by the manufacturer (Gibco Life Sciences). The products of digestion were separated by electrophoresis for 3 h in a 2% LE agarose gel (Flowgen, Ashby de la Zouch, Leicestershire, UK), stained with ethidium bromide and observed under UV light. The sizes of the resulting products were estimated against a 50-kb ladder (Gibco Life Sciences) and the data entered into www.phytid.org, a web-based Phytophthora identification database managed by CABI Bioscience and the Scottish Crop Research Institute (SCRI, Invergowrie, Dundee, UK).
AFLP analysis AFLP analysis was undertaken on isolates of interest resulting from the survey and a representative crosssection of isolates held in the CABI Genetic Resource Collection (see Table 1 ).
The method used was adapted from Vos et al . (1995) . Restriction digests using 5 U Eco RI and 5 U Hpa II (Promega UK Ltd, Southampton, Hampshire, UK) were performed on 500 ng of genomic DNA using manufacturer's ; Eco RAD1, 5 ′ -CTCG-TAGACTGCGTACC-3 ′ ; Eco RAD2, 5 ′ -AATTGGTACG-CAGTCTAC-3 ′ ) and Hpa II (50 pmol µ L − 1 ; Hpa II AD 1, 5 ′ -GACGATGAGTCCTGAG-3 ′ ; Hpa II AD 2, 5 ′ -CGCT-CAGGACTCATCGT-3 ′ ), 1 U T4 Ligase containing 100 m m ATP and appropriate buffer (Sigma-Genosys Ltd, Pampisford, Cambridgeshire, UK) in a reaction volume of 50 µL. Ligation proceeded overnight at 37°C.
Preamplifications were performed using EcoAD1 and HpaAD1. The restriction ligation product (5 -50 ng) was added to 50 pmol EcoAD1 and 50 pmol HpaAD1, 20 mm dNTP, 1 U Taq polymerase (Sigma) buffered with 1·5 mm MgCl 2 , with a final volume of 25 µL. PCR was performed using a Hybaid Express Thermal Cycler operating the following programme: 94°C for 4 min, followed by 15 cycles at 94°C for 0·5 min, 56°C for 1 min and 72°C for 1·5 min. The reaction was ended by a final step at 72°C for 10 min.
Preamplified product (5 µL) was then used for selective amplification using Eco-GC (2 pmol) and either Hpa-AC (100 pmol) or Hpa-AG (100 pmol) primers. In each case, primer Eco-GC was labelled with IRD 700 fluorescent dye (MWG-Biotech UK Ltd, Milton Keynes, Buckinghamshire, UK). Selective amplification proceeded in 25-µL reaction volumes comprising one of the above primer combinations, 20 mm dNTPs, 1 U Taq (Sigma) and 1·5 mm MgCl 2 , using a Hybaid Express Thermal Cycler under the following parameters: 94°C for 2 min; followed by 13 cycles of 94°C for 0·5 min, 65°C for 0·5 min (temperature decreasing by 0·7°C in each cycle to a final temperature of 56·6°C) and 72°C for 1·5 min; then 23 cycles at 94°C for 0·5 min, 56°C for 0·5 min and 72°C for 1·5 min. The reaction concluded with a final extension step of 72°C for 5 min.
Labelled PCR products were heated at 90°C for 3 min, prior to loading 1 µL onto a 20% acrylamide gel for separation of the AFLP fragments using a LI-COR DNA analyser, GENE REDIR 4200, according to the recommended AFLP protocol supplied by MWG-Biotech UK Ltd.
AFLP DNA fingerprints were analysed using GelCompare II (Applied Maths, Kortrij, Belgium). The results from the two sets of primers were combined, creating a binary matrix for analysis by Dice's similarity coefficient (Dice, 1945) using unweighted pair-grouping by mathematical averaging (upgma) (Sokal & Michener, 1958) .
Results
Three Phytophthora isolates were identified from the survey by ITS fingerprinting (Fig. 1) : P. heveae (IMI 387088), isolated from an unknown fallen fruit in a forest reserve, Mbalmayo; P. megakarya (IMI 387089), isolated from a cocoa pod obtained from a cocoa farm, Mbalmayo; and a further P. megakarya isolate (IMI 387090), isolated from necrotic areas of fallen, but still green, fruit of Irvingia sp. from the Korup National Park.
Based on these identifications, genetic diversity was examined using AFLPs from a selected group of 14 Phytophthora isolates comprising the above three isolates obtained in this study, plus representative P. megakarya isolates from West African countries and, as an outgroup, an isolate of P. citrophthora from Indonesia (see Table 1 ). This analysis identified a primary cluster at 78% similarity for all the P. megakarya isolates, with the additional Phytophthora spp. forming outlying lineages. Additional groupings were evident within the P. megakarya cluster that identified country-specific origins. The isolates obtained from Cameroon in this survey formed a distinct grouping, separated from the other P. megakarya isolates at the 80% similarity level (Fig. 2) .
Discussion
The primary objective of this study was to identify the original forest host or hosts of the causal agent of cocoa black-pod disease, P. megakarya. Cola spp. were considered as potential forest hosts, as P. megakarya had been previously identified on cultivated C. nitida in Cameroon (Nyasse et al., 1999) . Although a number of Cola spp. were sampled, P. megakarya could not be isolated from these in this study. However, Phytophthora spp. were isolated from additional forest samples, notably from fallen fruit of a member of the Irvingiaceae, probably I. gabonensis (elephant mango). Molecular analysis of the ITS region confirmed the Phytophthora isolates from Irvingia and cocoa as being P. megakarya, and that from an Figure 1 Composite gel comparing the ITS fingerprints of Phytophthora isolates (P. heveae and P. megakarya) from Cameroon. Lanes 1 and 8, 50-bp ladder; lanes 2 and 3, Alu1 digests; lanes 4 and 5, Taq1 digests; and lanes 6 and 7, Hinf1 digests of P. heveae and P. megakarya (forest isolate), respectively. unknown fruit as being P. heveae. According to the most recent database (CAB International, 2001) , this is the first authenticated record of P. heveae from the African continent. AFLP analysis of the current Cameroonian P. megakarya isolates clustered them with P. megakarya isolates from West African cocoa, but showed these isolates to be somewhat distinct. It was also observed that the P. megakarya isolate from Korup National Park was distinct from the P. megakarya isolate from a cocoa farm in Mbalmayo. From this preliminary survey in Korup National Park, it seems likely that P. megakarya is a soilborne pathogen within the forest with the ability to rapidly colonize recently fallen fruit. In this sense, it is a primary invader or opportunistic pathogen of healthy dehiscent fruit.
Cola spp. and Irvingia spp. are utilized by people in West Africa for trade and domestic purposes (Ndoye et al., 1998) . The transplanting of Irvingia spp. from the forest to cocoa plantations, where they are used for shade (Shiembo et al., 1996) , is a common practice (Ayuk et al., 1999) which could serve to transfer soil inoculum. The collection of fallen fruit as food could also provide a method for dispersal of the pathogen from the forest to cocoa plantations. In Korup, the elusive forest elephant, which has recently been identified as a distinct species (Roca et al., 2001) , eats the fallen Irvingia fruit (H. C. Evans and K. A. Holmes, personal observation), and this behaviour has also been reported in Santchou Reserve, Cameroon (Tchamba & Seme, 1993) . This means that a potential route exists between the forest and cocoa plantations for the dispersal of P. megakarya, via either the forest elephant or humans. These dispersal mechanisms could have been the original means by which the cocoa introduced into West Africa became exposed to P. megakarya, which was then able to adapt to become an ontree pathogen because of the cauliflorous habit of cocoa, with those pods on the lower trunk being particularly vulnerable to rain-splashed soil inoculum.
As the purported centre of origin of the pathogen, it would be expected that coevolved natural enemies of P. megakarya would be present in the West African primary forest ecosystem. During the exploratory survey reported here, a number of antagonistic fungi, such as Clonostachys and Lecanicillium spp., were found associated with P. megakarya in Korup National Park, which severely hampered the original isolation and subsequent subculturing of P. megakarya. This raises the possibility of the use of classical biological control, through the introduction of coevolved natural enemies, either inoculatively or inundatively, into the invaded or exotic areas (Evans, 2002) as a means to halt the advance of P. megakarya. Phytophthora megakarya was recently reported to have been isolated, at very low levels, from the roots of a number of shade-tree species in cocoa farms in Ghana (Opoku et al., 2002) . This indicates that P. megakarya has a potentially disparate host range. Future studies will focus on determining the wild host range of P. megakarya and collecting and screening microbial antagonists from these forest populations in both Korup National Park and the contiguous Cross River National Park in Nigeria. 
